Abstract: We propose a blind digital modulation format identification (MFI) method for coherent optical fiber communication systems. Based on the evaluation of differential phase distribution ratio (DPDR) and average of amplitude ratio (AAR), a monitoring factor R , the product of DPDR and AAR, is defined to distinguish whether the signal modulation format is QPSK, 16-QAM, or 64-QAM. Simulation and experimental results demonstrate that the proposed MFI can perform an identification when the OSNR of the incoming signal is greater than 12 dB. The proposed method needs no extensive training data sets and can tolerate residual chromatic dispersion (−210-210 ps/nm) and phase noise.
Introduction
To satisfy the increasing capacity requirement of global IP traffic, optical network is evolving from the conventional fixed paradigm toward a flexible and adaptive architecture [1] , [2] . 2012, Teipen et al. experimentally studied that M-ary QAM formats, with varying M, are well suited for such bit-rate flexible transceivers, due to the ability to change modulation formats with a fixed hardware configuration [3] . 2015, the performance of the symbol repetition-based hitless rate switching for reconfigurable optical systems for QPSK and 16-QAM signals has been investigated [4] . With hitless line rate variation by the flexible modulation format switching, the receiver needs to have some blind algorithms to adapt to these changes. So modulation format identification (MFI) is essential to reconfigure the digital signal processing (DSP) flow at the receiver-side.
Various MFI techniques have been proposed recently. 2015, Bilal et al. introduced a blind MFI scheme by calculating the peak-to-average-power ratio (PAPR) of the incoming data samples after analog-to-digital conversion (ADC), chromatic dispersion (CD) and polarization mode dispersion (PMD) compensation at the receiver [5] . The method above requires a blind OSNR monitor before the MFI due to the PAPR based method is highly dependent on OSNR of the incoming signal. Recently, deep learning (DL) is a hot research area in a wide range of fields. Several MFI methods based on DL have been put forward [6] , [7] . Convolutional neural network (CNN) based constellation diagram analyzer was reported in [6] . The disadvantage of such a kind of MFI is bundled with carrier recovery algorithm, which limits the application scope of the method. Deep neural networks (DNN) based pattern recognition on signals' amplitude histograms has been used for MFI [7] . Yet, extensive training data sets and huge calculation are required in these DL based methods. MFI based on cumulative distribution function (CDF) curves of their normalized amplitudes was reported in [8] , which needs reference CDFs of all possible candidate modulation formats. MFI can also be realized by using a non-iterative clustering algorithm in Stokes space [9] . However, in [8] , [9] , to maintain a satisfactory identification accuracy (> 99%), the incoming 16-QAM signal requires at least 18 dB OSNR.
In this paper, we propose a simple, OSNR-tolerant MFI method ,which can be implemented before carrier recovery. Based on the evaluation of differential phase distribution ratio (DPDR) and average of amplitude ratio (AAR), we define the factor R to identify three widely used modulation formats: QPSK, 16-QAM, 64-QAM. Extensive training data sets and huge calculation are not required in the proposed method. Experimental and simulation results demonstrate that the proposed method can perform an identification when OSNR of the incoming signal is greater than 12 dB. The residual chromatic dispersion and phase noise caused by laser linewidth can be tolerant. Figure 1 shows the constellation diagrams, modulated phase and amplitude distributions of signal with different modulation formats. It is obvious that the modulated phase and amplitude distributions of the received signals are different for three modulation formats. Figure 1(b) shows the distributions of the modulated phase for different modulation formats. when the modulation format is go from QPSK to mQAM, the modulated phase is more dispersed. Figure 1(c) shows the distinctive features of amplitude distributions for three modulation formats. The distribution for QPSK is concentrated at 1 while 64-QAM symbols have noticeably more dispersed amplitude distribution. Based on these insights, we can extract distinctive features from the modulated phase and amplitude distributions and derive appropriate decision rules for MFI. Figure 2 shows the architecture of a flexible receiver that supports automatic reception of signals with different modulation formats. Chromatic dispersion (CD) compensation, clock recovery, constant modulus algorithm (CMA) are transparent to different modulation formats and fast Fourier transform (FFT) based frequency-offset (FO) estimation [10] , [11] can be applied to most commonly used modulation formats. So the MFI stage is applied after frequency-offset compensation.
Principle of Proposed MFI
After CD compensation, clock recovery, CMA and frequency-offset compensation, the nth received sample by the MFI block with one sample per symbol duration can be expressed as:
Where A n is the amplitude of the signal, a n is the modulated phase of the signal, θ n is the phase noise induced by the carrier and local oscillator (LO) laser's linewidth, and N is the number of samples. Considering the difference of modulated phase, the differential phase between adjacent symbols can be defined as ϕ n (Fig. 3) . Generally, the change of phase noise is slower than that of modulated phase when the laser's linewidth is less than 10 MHz. Therefore, the phase noise difference between adjacent symbols can be ignored, i.e. θ n+1 ≈ θ n . Figure 4 shows the distributions of the differential phase for different modulation formats. For higher order QAM modulation format, the differential phase between adjacent symbols will be more dispersed. In order to distinguish the three modulation formats, we set a threshold ξ to calculate the DPDR :
Where equals one if the input is true (ϕ n < ξ) and zero otherwise. The simulation setup for MFI is shown in Fig. 5 . Three modulation formats (QPSK, 16-QAM, 64-QAM) at 10 Gbaud are generated at the transmitter side (Tx). The transmitter laser is set to 1550 nm and has a linewidth of 100 kHz. The resulting signal is then amplified to 0 dBm by an erbium-doped fiber amplifier (EDFA) and transmitted through a recirculating loop which consists of 100 km standard single-mode fiber (SSMF) and an EDFA. The EDFA inside the loop fully compensates for the span loss. The Set OSNR module is used to control the ASE noise of the transmission. At the loop output, the signal is simultaneously received by a coherent receiver. Figure 6 shows that the estimated η(ξ) for a back-to-back (B2B) system as a function of threshold ξ for three modulation formats. It can be seen that when the value of ξ is low (≤ 0.251 rad), the difference of η(ξ) values for three modulation formats is obvious. The η(ξ) values as a function of OSNR should be taken into consideration. Figure 7 shows that the estimated η values for a B2B system as a function of OSNR for three modulation formats with various sets of threshold ξ. It can be seen that when the value of ξ is low to 0.063 rad, it is difficult to find the horizontal lines to separate the three modulation formats. The curves of 16-QAM and 64-QAM are very close when ξ is up to 0.251 rad. Considering the data consistency and OSNR-tolerant, the ξ = 0.188 rad is preferred and chosen in our next experiments.
However, it can be seen that when the value of OSNR is low (10 dB), the difference of η values for 16-QAM and 64-QAM is not apparent at a particular OSNR. Therefore, it is not enough to only consider the differential phase of the received signal. The amplitude ratio must be taken into consideration and is defined as Figure 8 shows the distributions of the amplitude ratio for different modulation formats. The amplitude ratio for QPSK is concentrated at 1. The amplitude ratio will be more dispersed for higher order QAM modulation format. The AAR can be expressed as Figure 9 shows the simulation results for a B2B system in terms of factor γ values as a function of OSNR for QPSK, 16-QAM and 64-QAM. At a particular OSNR, We can perform MFI by setting different threshold for γ values. However, it is difficult to find the horizontal lines to separate the 16-QAM and 64-QAM when the value of OSNR is low to 10 dB, as shown by the dotted lines in Fig. 9 .
The QAM signal can be viewed as the product of phase modulation and amplitude modulation. Considering the magnitude of DPDR and AAR, we define a monitoring factor R to distinguish the total difference of respective modulation formants as
Where ξ is 0.188 rad. For different modulation formats with different OSNR, the factor R has distinct values and can be used for MFI. According to the electrical field of different modulation formats, the theoretical values of R for QPSK, 16-QAM and 64-QAM are 4, 17.537 and 28.160, respectively. Such difference in factor R values can be used for MFI. Due to additive noise of ASE in optical fiber transmission link, the practical values of factor R vary with OSNR, and two threshold values of R , R 1=13 and R 2=28 are set to distinguish the modulation formats. Figure 10 shows the simulation results for a B2B system in terms of factor R values as a function of OSNR for QPSK, 16-QAM and 64-QAM. The offline data with 8192 symbols are used to calculate the factor R . The results get closer to their respective theoretical values in high OSNR region. It is obvious that the R values are distinct for different modulation formats even when the OSNR is 10 dB. Therefore, we can perform MFI by setting different threshold for R values, as shown by the dotted lines in Fig. 10 . However, if the OSNR is lower than 12 dB, the estimated R will be influenced more severely due to the high ASE noise. Considering the redundancy of the system, blind MFI is performed when OSNR is greater than 12 dB. The simulation results for B2B system are taken as the reference values, and will be used to compared with the results for optical fiber communication systems.
To investigate the effect of phase noise on the proposed MFI, we replace the 100 kHz linewidth laser with a 2 MHz linewidth laser. Figure 11 depicts R values for different modulation formats with 2 MHz linewidth laser against 100 kHz linewidth laser. Those results indicate that the proposed MFI does not degrade the tolerance of laser linewidth. There are some differences for R values between 2 MHz and 100 KHz especially for 64QAM. Figure 12(a) shows that those differences may be caused by phase noise. However, the R values for 2 MHz and 100 KHz linewidth overlap when OSNR is greater than 28 dB, which indicate those differences should be caused by both phase noise and OSNR due to change of distribution of differential phase. Fortunately, different modulation formats can be identified with the threshold value of R .
In the simulation system, we also take into account the frequency-offset, and FFT based frequency-offset estimation method is carried before MFI stage because that frequency-offset will change the distribution of the differential phase between adjacent symbols. In Ref. [10] , it is stated that the FFT based frequency-offset estimation can be applied to most commonly used modulation formats, such as binary phase shift keying (BPSK), and 4/8/16/64QAM. In Ref. [11] , frequency-offset estimate is carried by a N-FFT in QAM context. Figures 13 illustrates different modulation formats and their 8192-point FFT after the power of four operation. The signals in Fig. 13 are obtained with 10 GBaud, 100 kHz laser linewidth, and 500 MHz frequency-offset. It can be observed that the FFT functions well for all those modulation formats with high robustness even when the OSNR is 12 dB. By recording the location of the generated peak tone, the frequency-offset between the carrier signal and LO can be calculated as 500 MHz. Figure 14 shows that the estimated R values for symbols after frequency-offset compensation and the reference values without frequency-offset have similar curve trends to perform MFI. There may be residual phase noise due to frequencyoffset estimation resolution determined by the block length and phase noise caused by lasers linwidth after the frequency-offset compensation, but the results in Figures 11∼14 demonstrate our proposed method can tolerate such residual phase noise.
In practical applications, there will have some residual CD even CD is equalized by DSP. Figure 15 shows that R varies with residual CD for QPSK system with OSNR of 12 dB, 16 QAM system and 64 QAM system with OSNR of 14 dB. The residual CD is set in the range of −300 ∼ 300 ps/nm. The proposed method can tolerate a relative wide range of residual CD (−210 ∼ 210 ps/nm) without sacrificing performance.
Then, we investigate the fiber nonlinearity tolerance by testing the transmission performance with transmission distance of 1000 km.The launch power of signal is 0 dBm. We observe the performance difference between the systems with and without transmission. Figure 16 shows the fiber nonlinearity has an impact on R values measurement. The transmitter also generates polarization-division multiplexing (PDM) QPSK, 16-QAM and 64-QAM signal with transmission distance of 1000 km. CMA is applied to equalize the polarization mode dispersion (PMD). Figure 17 indicates that the proposed MFI can also be applied to the polarization multiplexed system. Figure 18 shows the experimental setup for MFI with our method. At the Tx, a continuous-wave (CW) laser is modulated by an IQ modulator, in which the I and Q branches are driven independently by two pseudo-random bit sequences produced by arbitrary waveform generator (AWG). The transmitter laser is set to 1550 nm and linewidth of 5 kHz. Three modulation formats (QPSK, 16-QAM, 64-QAM) at 10 Gbaud are generated. Then the optical signals are polarization multiplexed, which realized by through a polarization beam splitter (PBS), an optical delay line and a polarization beam combiner (PBC). The launched power of signal is 0 dBm. After polarization multiplexing, the optical signals are transmitted through a recirculating loop which consists of 100 km SSMF and an EDFA. An EDFA is used to generate ASE noise and an optical attenuator is used to adjust OSNR. By using out-of-band noise measurement, we can obtain the reference OSNR from the optical spectrum analyzer (OSA). After the transmission, the optical signal is coherently detected by a coherent receiver with a LO. We use a real-time scope to sample the detected signal at 50 GSa/s and apply offline DSP.
Experimental Setup and Results
The experimental results for B2B system is shown in Fig. 19 . The reference case is a B2B simulation system without frequency-offset. The experimental results matches the reference results well. Therefore, we can easily identify whether the modulation format is QPSK, 16-QAM or 64-QAM by calculating the value of factor R . In the experiment, 8192 symbols are enough to calculate the factor R and identify the modulation format. The proposed MFI is the time-domain method and has a complexity of the order O (N ).
Then, we investigate the application of proposed method to identify PDM QPSK, PDM 16-QAM and PDM 64-QAM signals after 100 km (Fig. 20(a) ) and 500 km (Fig. 20(b) ) SSMF transmission. CMA is applied to equalize the PMD, and then the proposed MFI is performed. The R values obtained by the simulated B2B system is used as the reference, and Fig. 20 indicates that the threshold of R values for a simulated B2B system is also suitable for polarization multiplexed system with long haul transmission. Therefore, our method is effective and has wide applicability.
Finally, we compared the required OSNR in our proposed method and previously reported method. In Fig. 21 , each data point of the minimum OSNR is obtained based on the best value reported in the literature. Compared with reported methods in the literature, the proposed MFI requires lower OSNR, in particular for 64-QAM signal.
Although we only covered three widely used format (QPSK, 16-QAM and 64-QAM) in this study, it should be noted that the proposed MFI can also be applied to other formats such as 8-QAM and 32-QAM. Both 8-QAM and 32-QAM have different modulated phase and amplitude distributions. By calculating the factor R , we could achieve MFI for 8-QAM and 32-QAM signals as well. Fig. 21 . Minimum OSNR required for identification of modulation formats for different MFIs. PAPR: peakto-average-power ratio [5] , 14 GB. AHs: amplitude histograms [8] , 14 GB. CDF: cumulative distribution function [10] , 32 GB. NIC: Non-iterative clustering [11] , 28 GB.
Conclusion
In this paper, we propose a simple, OSNR-tolerant modulation format identification method, which can be implemented before carrier recovery. Based on the evaluation of the differential phase distribution ratio and average of amplitude ratio, we define the factor R to identify three widely used modulation formats: QPSK, 16-QAM and 64-QAM. The simulation results for B2B system show that modulation format identification can be performed by setting different threshold of R values. The experimental results for B2B and optical fiber communication systems are in good agreement with the simulation results, which demonstrate that the proposed modulation format identification method can distinguish modulation formats of QPSK, 16-QAM and 64-QAM when the OSNR of optical signal is not less than 12 dB.
